Molecular dynamics simulations with periodic boundary conditions are used to calculate temperature-programmed desorption spectra of Xe/Pt ( 111) . The activation barrier is overcome using the compensating Hamiltonian method. Monte Carlo simulations are used to correct for the finite size of the simulated system. A comparison between calculated and experimental temperature-programmed desorption spectra shows that there is a strong reduction in the Xe-Xe attraction due to substrate-mediated effects. Still, strong island formation occurs. In spite of the fact that Xe atoms in islands desorb less easily than isolated Xe atoms, the desorption from islands dominates at low temperature, and the desorption of isolated Xe atoms at high temperature. This is caused by the variation in the number of isolated Xe atoms and Xe atoms in islands as a function of temperature and coverage.
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I. INTRODUCTION
Although the desorption of physisorbed atoms at low temperature is a relatively simple activated process, it is still only poorly understood. In a previous paper we studied the desorption of Xe from Pd( 100) at low coverage. ' It was shown that good results for the desorption rate constants could be obtained with molecular dynamics (MD). The paper was however primarily on the dynamics of the desorption, as it was shown that desorption rate constants could also have been obtained from transition-state theory. We expect that this is not the case for high coverage, as it is not clear how to incorporate the adsorbateadsorbate interactions in such a theory. Moreover, it is difficult to construct reliable potential energy surfaces when this interaction has to be included.
We refer to an excellent review paper, which recently appeared, and which discusses various theories for desorption. ' The authors point out that, because of the long time the system needs to cross the activation barries, MD is not feasible. However, a number of methods have been developed to deal with this problem."3 In view of the amount of detail and the absence of approximations, we think that MD is a very good method to study desorption.
We present results of an MD study on Xe desorption. Adsorbed Xe is interesting for its use in photoemission of adsorbed xenon (PAX) spectroscopy.4 We have investigated the effect of the Xe-Xe interaction on the desorption, and, in particular, the effect of substrate-induced changes in the Xe-Xe potential in Xe/Pt ( 111) by comparing MD results with temperature-programmed desorption (TPD) spectra of Siddiqui et al. 5 The Xe/Pt ( 111) system has been studied before with MD; Black and Bopp6 investigated the structure of Xe rafts, and Grimmelmann et al.7 studied the desorption at low coverage.
The method we used to calculated the desorption rate constants, and the computational details are presented in Sec. II. Section III consists of three parts; two deal with Xe-Pt and Xc-Xe interactions, and one with the results of the simulations, and with a model we used to correct for the finite size of the system in the simulations. Section IV presents the conclusions.
II. THEORY AND COMPUTATIONAL DETAILS
The theory we used to calculate the desorption rate constant from an MD simulation has been described previously. ' We like to comment here only on how we treated the coverage dependence. The energy to remove more than one Xe atom from the Pt surface is approximately proportional to the number of Xe atoms being removed. Only little energy is gained when the Xe atoms desorb in clusters. Also entropically it is more favorable when the Xe atoms desorb individually. Hence we may assume that there is no correlation between the desorption of different Xe atoms, which leads to the following method, to calculate the desorption rate constant. We define a dividing surface and a compensating Hamiltonian for one particular Xe atom, and determine its desorption rate as in Ref. 
where P is the probability of the particular Xe atom being adsorbed, and k is a desorption rate constant. Because of the equivalence of the Xe atoms we have de -pe, with 8 the coverage. As k is coverage dependent, Es. (2) does not mean that the desorption is a first-order process. The form of Eq. (2) is a consequence of the definition of the desorption rate constant in the theory.* We performed MD simulations on a box with periodic boundary conditions in two dimensions: modeling the Xecovered Pt ( 111) surface by two layers with 48 Pt atoms each, and a number of Xe atoms varying from 1 to 16 (monolayer coverage). We assumed the fl X dR30" structure for monolayer coverage, in which every third threefold face-centered-cubic (fee) site is occupied, and which has a Xe-Xe nearest neighbor distance of 0.4801 nm. We used the generalized Langevin formalism as developed by Tully to include the effect of the rest of the substrate.3 The coupling to the ghost particles was calculated by DePristo's method. ' In order to reduce the length of the simulations only the coupling of each ghost particle with one Pt atom was retained. This coupling was scaled to get approximately the same amplitudes for the vibrations of the Pt atoms as when all coupling terms with the ghost particles would have been included.
The Pt-Pt interaction is given by the harmonic form (3) where the U'S are the displacements from the equilibrium positions, and $ti is a unit vector connecting the equilibrium positions. The Pt atoms were placed at bulk positions with a nearest-neighbor distance of 0.2772 nm. The parameters il, and pti were determined for nearest and next-nearest neighbors so that they gave the correct the elastic constants and bulk specific heat (see Table I ). The Xe-Pt and the Xe-Xe interactions were fitted to TPD spectra.""' Both interactions were represented by a Morse potential, i.e., 4(R) =D&(x-2), with x=e-"(R-Re).
(4) The bond length R, its strength D, and the parameter a will be discussed in the next section. We used a cutoff distance R,=0.83 nm which was dictated by the minimal image convention.'2 The interaction of a Xe atom with the Pt surface was calculated by summing over all Pt atoms within a distance R,. We also added a contribution of the Pt atoms farther away as follows. We assumed that the region F in Fig. 1 is a continuum with the density p of bulk Pt, and integrate over this region. This gives us for the contribution of F to the potential
where z is the distance between the Xe atom and the surface. The usual procedure is to use the expression for z)R, for all z. This leads, however, to a double contribution from the region N. A similar procedure was not employed for the Xe-Xe interaction, as it led to a discontinuous force at R, because of the Xe layer being two dimensional. Instead, we simply summed over all Xe-Xe pairs less than R, apart. The dividing surface S=O was defined by P:
where z is the coordinate of the Xe atom, for which we calculated the desorption rate, and pz is the conjugate momentum. The potential Vc is the potential for a Xe atom taken from a monolayer coverage. Note that, because of the cutoff in the Xe-Xe potential, this potential is at large z identical to one for a bare Pt surface. Hence the desorption flux through the dividing surface is also correct for low coverages, but this particular definition yields fewer recrossings of the dividing surface. The compensating Hamiltonian is given by H=nS', with O(r < 1. The value of r has to be chosen sufficiently small so that equilibrium can be attained before the Xe atom desorbs, and sufficiently large so that the Xe atom desorbs within the time the system is simulated. As has been shown before, the choice of r is not very critical. ' We used 16 ps to equilibrate the system, and then a further 200 ps for desorption.
III. RESULTS AND DISCUSSION
A. The Xe-Pt potential
We have performed simulations with 1 to 16 Xe atoms, and at temperatures 2'=50, 100, 200, 500, and 1000 K. The advantage of this temperature range, which is much wider than the range in which desorption is found experimentally, which is between 90 and 110 K, is that it is easier to obtain desorption rate constants at higher temperatures, so that we can obtain better statistics. The temperature dependence of the dcsorption rate constant could, for all coverages, be described by an Arrhenius form, even though some deviations were found which were qualitatively similar to, but much smaller than deviations reported for this system before.7 We typically did about 100 simulations at each coverage and temperature. A simulation took on average 10 minutes on a single processor of an Alliant FX/ 2816 computer. In this subsection we discuss the simulations with one Xe atom, which we used to obtain the Xe-Pt potential.
A recent analysis of TPD spectra by Siddiqui et al5 yielded activation energies that were substantially lower than the adsorption energies obtained with almost all Xe-Pt potentials used so far. We decided to use the Xe-Pt potential of Arumainayagam et al. I3 This potential was fitted to obtain good sticking probabilities, and should therefore describe the energy exchange with the surface reasonably well. However, from our simulations we found that this potential gives an adsorption energy EadJks = 3 115 K, an activation energy E,,,/k,= 3 117 f 7 1 K, and a preexponential factor Y= 101'.59*o.18 s-', compared to E,,/kB=2883*252 K, and v=~O'*.~*~.~ s-' from the TPD spectra. These calculated values are only just within the errors of the experiment, whereas the calculated and experimental peak maximum temperatures T,,, differ as much as 22 K. We therefore changed D, and a of the potential to achieve the following scaling: Eads+ yEads and In vo+ ( I/y)ln vo, where v. is the harmonic vibrational frequency of the Xe atom perpendicular to the surface. If we assume that E,, is more or less proportional to Eads, and v to vo, then this scaling for y< 1 reduces E,,, and increases v, which has the desired effect. Changing only Eadf or vo, to obtain a reasonable T, in the TPD spectrum, yielded E,, well below or v much above the experimental value of Siddiqui et al5 The final Xe-Pt potential parameters are given in Table I . This potential gives Eac,/kB =2851*59 K and v= 101'~99*o~27 s-i. The errors in the calculated activation energy and the pre-exponential factor are three times the standard deviation from the linear regression fit with an Arrhenius form to the simulation results.
B. The Xe-Xe potential
Increasing the coverage up to monolayer shifts T,,, to higher temperatures by about 10 K. This shift is caused by the Xe-Xe interactions. For the direct interaction between Xe atoms a good potential is known derived by Barker et al. I4 Using this potential and assuming a uniform heating rate of 1 K s-t we found a shift of about 30 K. Even though experimentally a somewhat different heating rate was used, the difference in shifts clearly indicates that the Xe-Xe potential has to be substantially modified. Work by McLachlan" and by Kohn and Lau16 shows that the dispersion interaction with a substrate modeled by a continuum may be reduced by as much as l/3 by substratemediated effects. On the other hand Girard and Girardet17 found an increase for the dispersion interaction when a discrete model for the surface was used. This model, however, seems not appropriate for the Pt ( 111) as it would only increase the shift. If we take only 2/3 of the dispersion interaction, then the shift decreases to about 20 K.
An additional repulsion between the Xe atoms may be present because of charge transfer." This charge may be estimated from the change in the work function. Using a change in the work function of 0.6 V at full coverage," and a charge separation of 0.245 nm, which is the Xe-surface distance, we find qxe= 0.022e. This gives an additional Coulomb repulsion which decreases the shift in T,,, to about 13 K. We fitted this potential with a Morse form (see Table I ), and used it in all subsequent simulations. Even though the physical ground on which this potential is based is suspect, we feel that the magnitude of the interaction between Xe atoms on Pt ( 111) is reasonably well represented.
C. The desorptlon parameters
For all coverages we could fit the desorption rate constant k of Eq. (2) by an Arrhenius form k = ye--%dkBT.
The values for the activation energy and the preexponential factor as a function of the number of Xe atoms are shown in Fig. 2 . We see that the activation energy increases with increasing coverage. This is expected as the Xe atoms attract each other. Also the pre-exponential factor increases somewhat, indicating a small compensating effect. This may be due to the increased frequency of the vibration perpendicular to the surface, or to the increase in the number of collisions between the Xe atoms. From Fig.  2 it is in principle possible to calculate the TPD spectra. The result is shown in Fig. 3 . We assumed a cubic dependence of the activation energy, and a linear dependence of the pre-exponential factor as shown by the dashed lines in Fig. 2 . The spectra suggest a zero-order process, except for high coverages where the desorption starts only very late. This is caused by the sharp increase of the activation energy at high coverage.
The TPD spectra of Fig. 3 are, however, probably not correct for the following reason. At the temperatures where desorption is found in the TPD experiment the simulations show island formation. Figure 2 indicates that desorption for Xe atoms in an island is slower than for an isolated Xe atom, as the increase of the activation energy dominates the increase of the pre-exponential factor. Whether the desorption is mainly from islands or of iso-3500 -1 lated atoms depends at a certain coverage on the relative number of isolated Xe atoms to the number of Xe atoms in islands. As the size of the system used in the simulation is small compared to a real surface, a Xe atom has less room to be isolated. Thus we have to correct for finite size effects. We have assumed that the following Ising model is valid." The preferred site for the Xe atom is the threefold fee site. The Xe atoms are statistically distributed over these sites. The energy of a certain configuration of the Xe atoms is given by &onf=~Nhdx.+xe (Rrd (8) where NNN is the number of nearest neighbors in the configuration and RNN is the nearest neighbor distance. The cutoff distance of the Xe-Xe potential is such that we have only nearest-neighbor interaction. The probability of a configuration is simply given by a Boltzmann factor. The desorption rate for a particular Xe atom depends on the number of nearest neighbors it has. We can thus write the desorption rate constant that we obtained from the simulation as follows:
where k(n) is the desorption rate constant for a Xe atom with n nearest neighbors, and Psi,(n,e) is the probability for n nearest neighbors at coverage 0 for a system with the Eriodic boundary conditions of the simulation. Note that k(n) does not depend on the size of the system. As the box of the simulation is relatively small, we can calculate Psi,( n,6) exactly. With the values for k,,( 0) of the simulation we can then determine k(n). As we kave done simulations at more coverages than there are k( n )'s, we use a least-squares fit procedure for In ksim. We found for each temperature a very good fit. This means that our model correctly describes the desorption as simulated. Again, we could use an ArrheniE form to describe the temperature dependence of the k(n)'s. The results are shown in Table II .
The desorption rate constants for a real system k(8) can be obtained from k(e)= i m,e)k(f2h n=O
where P(n,B) is the probability for n nearest neighbors at a real surface. We have obtained these probabilities from a Monte Carlo simulation for systems with Ns= 16, 64, 256, and 1024, where Ns is the number of sites in the Monte Carlo simulation, and linear extrapolation for l/Ns-*O. The values of Psim and P are very different as can be seen in Fig. 4 .
With the procedure above we can calculate the TPD spectra (see Fig. 5 ). A comparison with experimental spectra show that T, is somewhat too high. There seems to be FIG. 5 . Calculated TPD spectra after finite-size correction. Shown are spectra for initial coverage from 0.1 to 1.0 in steps of 0.1. The temperature increase is 1 K s-'. two reasons for this. First, we have assumed a constant temperature increase of 1 K s-l, whereas experimentally a nonlinear temperature ramp was used. The peak maximum temperatures are very sensitive to the shape of this ramp, as we are in a temperature range at the beginning of the ramp (see Fig. 1 of Ref. 5 ). An attempt to simulate the ramp at low coverage failed because all Xe desorbed before the temperature could increase by any appreciable amount. Second, we still overestimate the Xe-Xe interaction. Even at the lowest coverage that was used experimentally (0 =O.OS ), we find islanding. As we used this coverage to get the Xe-Pt potential, assuming no Xe-Xe interactions, we find that the peaks shift to higher temperatures. The peaks are also shifted to somewhat higher temperatures as in Fig.  3 . This is due to the fact that the Xe atoms have more neighbors on average on a real surface than in the simulations (cf. Fig. 4 ).
A second difference between the calculated and the experimental spectra is that in the calculated spectra there may be a shoulder or more than one peak. This can be shown to be caused by desorption of Xe atoms with different numbers of nearest neighbors. Similar features can be seen in Fig. 3 . Figure 6 shows the contribution of Xe atoms with different number of nearest neighbors to a TPD spectrum. We see that Xe atoms with fewer nearest neighbors contribute most at higher temperatures. This was found at all coverages. This seems surprising as the Xe atoms with fewer nearest neighbors have a lower activation energy. What is happening is that desorption from islands dominates, because there are too few isolated Xe atoms. But then as the coverage decreases the number of isolated Xe atoms suddenly increases. If the initial coverage is low, then most Xe atoms desorb when they have few nearest neighbors. Their contribution decreases however with increasing initial coverage.
Both the calculated and the experimental TPD spectra depend critically on the Xe-Xe interaction. A weaker interaction than given in Table I would give a smaller shift of T,, but might result in first-order TPD spectra. A stronger interaction gives the larger shifts mentioned before. The parameters of the interaction we used in the simulations seem to be just in the small range which gives small shifts and zero-order TPD spectra in agreement with experiment.
The desorption rate constant is generally written as d0 --=y~y--Eaci~bT dt , 330 320 310 300 290 where n is the order of the reaction. We have remarked that there is no inconsistency with Eq.
(2) as the desorption rate constant is coverage dependent. We can write our desorption rate in this form if we use the following definition:
ah (ke) nF alne for the order, alnk Eact= -a( l/k/J) (12) (13) for the activation energy, and ,,=k&c&Tg1 --n -
for the pre-exponential factor. Note that all these quantities become temperature and coverage dependent. The calculated TPD spectra suggest a zero-order process. However, using Eq. ( 11) we find remarkable changes in the order during the desorption process. Only the right part of the desorption peaks are caused for all initial coverages by the same process; a first-order process due to desorption of isolated Xe atoms. This is to be expected, the process must turn into a first-order process when the coverage becomes low. The activation energy varies smoothly during the TPD experiment. For all initial coverages large than 0.1 the activation energy is, up to about the peak maximum temperature, between 3200 and 3400 K. At about the peak maximum temperature it suddenly decreases to 2847 K, i.e., the activation energy for desorption of an isolated Xe atom. The order behaves very irregular, however. At initial coverages of about 0.1 and larger than 0.4 we found that the order is negative at low temperature. This indicates a strong suppression of the desorption due to Xe-Xe attraction, which results in an increased island formation at increased coverage. Then, as the desorption rate increases, the order oscillates. After the peak maximum temperature has been reached the order suddenly becomes one. The pre-exponential factor shows similar behavior, because it is coupled to the order via Eq. ( 14)) and because the desorption rate constant and the activation energy behave smoothly. The variation of the activation energy, the order, and the pre-exponential factor are shown in Fig. 7 . It seems that, because of the erratic behavior of these quantities, expression ( 11) has little meaning for the Xe desorption from Pt(ll1). Variation of (a) the activation energy Ea,,/kB (in K), (b) the order n, and (c) the pre-exponential factor log,,-, Y (in s-') in the TPD experiment as a function of temperature and initial coverage. The temperature increase is 1 K s-'. The flat part at high temperature is due to the first-order process that results when the coverage has become very low.
IV. CONCLUSIONS
We calculated TPD spectra for Xe/Pt ( 111) . Molecular dynamics with periodic boundary conditions was used to simulated desorption for various coverages. We corrected for the finite size of the box in the simulations with an Ising model which was solved using Monte Carlo. The desorption rate was decomposed into contributions from Xe atoms with different numbers of nearest neighbors. There seems to be a large difference between the direct and the effective interaction for Xe atoms adsorbed on Pt ( 111). The shift in the peak maximum temperature that is found experimentally is only one-third of the shift that is found when no corrections are made for substratemediated Xe-Xe interaction. A reduction of the dispersion interaction and a charge transfer for the substrate that leads to an additional Coulomb repulsion between Xe atoms yield the correct shift. Even with this reduced Xe-Xe interaction strong island formation takes place.
The calculated TPD spectra suggest a zero-order process in accord with experiment, but analysis shows that the order fluctuates. The same holds for the pre-exponential factor. The activation energy varies more smoothly. The fluctuations are caused by the variation in the probabilities that Xe atoms have a specific number of nearest neighbors as a function of coverage and temperature. These probabilities are such that Xe atoms with few nearest neighbors contribute at high temperatures and those with many nearest neighbors contribute at low temperatures, even though the activation energy for desorption of the former is lower than that of the latter. This is different from the usual picture of a zero-order process where the rate determining step is diffusion of an atom out of an island, and only isolated Xe atoms desorb.
There are two weak points in the present study. The first one is the Ising model. As it can fit the simulation results, it seems an appropriate model. However, some results, like the shoulders and the extra peaks in the calculated TPD spectra, seem uncomfortably sensitive to the precise values of the probabilities for the number of nearest neighbors. The second weak point is the Xe-Xe potential.
It is the only quantity in the Ising model that determines these probabilities. The shift in the peak maximum temperature indicates that substrate-mediated interactions are very important. Unfortunately, no good theory of the interaction, which is indispensable for understanding coverage-dependent effects of TPD spectra, exists.
